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(57) ABSTRACT 

A ferromagnetic thin-?lm based digital memory having a 
plurality of bit structures interconnected With manipulation 
circuitry having a plurality of transistors so that each bit 
structure has transistors electrically coupled thereto that 
selectively substantially prevents current in at least one 
direction along a current path through that bit structure and 
permits selecting a direction of current flow through the bit 
structure if current is permitted to be established therein. A 
bit structure has a nonmagnetic intermediate layer With tWo 
major surfaces on opposite sides thereof and a memory ?lm 
of an anisotropic ferromagnetic material on each of the 
intermediate layer major surfaces With an electrically insu 
lative intermediate layer is provided on the memory ?lm on 
Which a magnetization reference layer is provided having a 
?xed magnetization direction. 
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CIRCUIT SELECTION OF MAGNETIC MEMORY 
CELLS AND RELATED CELL STRUCTURES 

RELATED APPLICATIONS 

[0001] This application claims priority of Provisional 
Application No. 60/225,966 ?led Aug. 17, 2000 for “CIR 
CUIT SELECTION OF MAGNETIC MEMORY CELLS”. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates to ferromagnetic thin 
?lm structures exhibiting relatively large magnetoresistive 
characteristics and, more particularly, to such structures used 
for the storage and retrieval of digital data. 

[0003] Many kinds of electronic systems make use of 
magnetic devices including both digital systems, such as 
memories, and analog systems such as magnetic ?eld sen 
sors. Digital data memories are used extensively in digital 
systems of many kinds including computers and computer 
systems components, and digital signal processing systems. 
Such memories can be advantageously based on the storage 
of digital symbols as alternative states of magnetiZation in 
magnetic materials provided in each memory storage cell, 
the result being memories Which use less electrical poWer 
and do not lose information upon removals of such electrical 
poWer. 

[0004] Such memory cells, and magnetic ?eld sensors 
also, can often be advantageously fabricated using ferro 
magnetic thin-?lm materials, and are often based on mag 
netoresistive sensing of magnetic states, or magnetic con 
ditions, therein. Such devices may be provided on a surface 
of a monolithic integrated circuit to provide convenient 
electrical interconnections betWeen the device and the oper 
ating circuitry therefor. 

[0005] Ferromagnetic thin-?lm memory cells, for 
instance, can be made very small and packed very closely 
together to achieve a signi?cant density of information 
storage, particularly When so provided on the surface of a 
monolithic integrated circuit. In this situation, the magnetic 
environment can become quite complex With ?elds in any 
one memory cell affecting the ?lm portions in neighboring 
memory cells. Also, small ferromagnetic ?lm portions in a 
memory cell can lead to substantial demagnetiZation ?elds 
Which can cause instabilities in the magnetiZation state 
desired in such a cell. 

[0006] These magnetic effects betWeen neighbors in an 
array of closely packed ferromagnetic thin-?lm memory 
cells can be ameliorated to a considerable extent by provid 
ing a memory cell based on an intermediate separating 
material having tWo major surfaces on each of Which an 
anisotropic ferromagnetic memory thin-?lm is provided. 
Such an arrangement provides signi?cant “?ux closure,” ie 
a more closely con?ned magnetic ?ux path, to thereby 
con?ne the magnetic ?eld arising in the cell to affecting 
primarily just that cell. This result is considerably enhanced 
by choosing the separating material in the ferromagnetic 
thin-?lm memory cells to each be suf?ciently thin. Similar 
“sandWich” structures are also used in magnetic sensors. 

[0007] In the recent past, reducing the thicknesses of the 
ferromagnetic thin-?lms and the intermediate layers in 
extended “sandWich” structures, and adding possibly alter 
nating ones of such ?lms and layers, i.e. superlattices, have 
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been shoWn to lead to a “giant magnetoresistive effect” 
being present in some circumstances. This effect yields a 
magnetoresistive response Which can be in the range of up 
to an order of magnitude or more greater than that due to the 
Well knoWn anisotropic magnetoresistive response. 

[0008] In the ordinary anisotropic magnetoresistive 
response, varying the difference occurring betWeen the 
direction of the magnetiZation vector in a ferromagnetic 
thin-?lm and the direction of sensing currents passed 
through that ?lm leads to varying effective electrical resis 
tance in the ?lm in the direction of the current. The maxi 
mum electrical resistance occurs When the magnetiZation 
vector in the ?eld and the current direction therein are 
parallel to one another, While the minimum resistance occurs 
When they are perpendicular to one another. The total 
electrical resistance in such a magnetoresistive ferromag 
netic ?lm can be shoWn to be given by a constant value, 
representing the minimum resistance, plus an additional 
value depending on the angle betWeen the current direction 
in the ?lm and the magnetiZation vector therein. This 
additional resistance has a magnitude characteristic that 
folloWs the square of the cosine of that angle. 

[0009] Operating magnetic ?elds imposed externally can 
be used to vary the angle of the magnetiZation vector in such 
a ?lm portion With respect to the easy axis of that ?lm. Such 
an axis comes about in the ?lm because of an anisotropy 
therein typically resulting from depositing the ?lm during 
fabrication in the presence of an external magnetic ?eld 
oriented in the plane of the ?lm along the direction desired 
for the easy axis in the resulting ?lm. During subsequent 
operation of the device having this resulting ?lm, such 
operational magnetic ?elds imposed externally can be used 
to vary the angle to such an extent as to cause sWitching of 
the ?lm magnetiZation vector betWeen tWo stable states 
Which occur for the magnetiZation being oriented in opposite 
directions along the ?lm’s easy axis. The state of the 
magnetiZation vector in such a ?lm can be measured, or 
sensed, by the change in resistance encountered by current 
directed through this ?lm portion. This arrangement has 
provided the basis for a ferromagnetic, magnetoresistive 
anisotropic thin-?lm to serve as a memory cell. 

[0010] In contrast to this arrangement, the resistance in the 
plane of a ferromagnetic thin-?lm is isotropic for the giant 
magnetoresistive effect rather than depending on the direc 
tion of the sensing current therethrough as for the anisotro 
pic magnetoresistive effect. The giant magnetoresistive 
effect involves a change in the electrical resistance of the 
structure thought to come about from the passage of con 
duction electrons betWeen the ferromagnetic layers in the 
“sandWich” structure, or superlattice structure, through the 
separating nonmagnetic layers With the resulting scattering 
occurring at the layer interfaces, and in the ferromagnetic 
layers, being dependent on the electron spins. The magne 
tiZation dependant component of the resistance in connec 
tion With this effect varies as the sine of the absolute value 
of half the angle betWeen the magnetiZation vectors in the 
ferromagnetic thin-?lms provided on either side of an inter 
mediate nonmagnetic layer. The electrical resistance in the 
giant magnetoresistance effect through the “sandwich” or 
superlattice structure is loWer if the magnetiZations in the 
separated ferromagnetic thin-?lms are parallel and oriented 
in the same direction than it is if these magnetiZations are 
antiparallel, i.e. oriented in opposing or partially opposing 
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directions. Further, the anisotropic magnetoresistive effect in 
very thin ?lms is considerably reduced from the bulk values 
therefor in thicker ?lms due to surface scattering, Whereas a 
signi?cant giant magnetoresistive effect is obtained only in 
very thin ?lms. Nevertheless, the anisotropic magnetoresis 
tive effect remains present in the ?lms used in giant mag 
netoresistive effect structures. 

[0011] A memory cell based on the “giant magnetoresis 
tive effect” can be provided by having one of the ferromag 
netic layers in the “sandWich” construction being prevented 
from sWitching the magnetiZation direction therein from 
pointing along the easy axis therein in one to the opposite 
direction in the presence of suitable externally applied 
magnetic ?elds While permitting the remaining ferromag 
netic layer to be free to do so in the same externally applied 
?elds. In one such arrangement, a “spin-valve” structure is 
formed by providing an antiferromagnetic layer on the 
ferromagnetic layer that is to be prevented from sWitching in 
the externally applied ?elds to “Pin” its magnetiZation 
direction in a selected direction. In an alternative arrange 
ment often termed a “pseudo-spin valve” structure, the 
ferromagnetic layer that is to be prevented from sWitching in 
the externally applied ?elds is made suf?ciently thicker than 
the free ferromagnetic layer so that it does not sWitch in 
those external ?elds provided to sWitch the free layer. 

[0012] Thus, a digital data memory cell based on the use 
of structures exhibiting the giant magnetoresistive effect is 
attractive as compared to structures based on use of an 

anisotropic magnetoresistive effect because of the larger 
signals obtainable in information retrieval operations With 
respect to such cells. Such larger magnitude signals are 
easier to detect Without error in the presence of noise thereby 
leading to less critical requirements on the retrieval opera 
tion circuitry. 

[0013] An alternative digital data bit storage and retrieval 
memory cell suited for fabrication With submicron dimen 
sions can be fabricated that provides rapid retrievals of bit 
data stored therein and loW poWer dissipation by substituting 
an electrical insulator for a conductor in the nonmagnetic 
layer. This memory cell can be fabricated using ferromag 
netic thin-?lm materials of similar or different kinds in each 
of the magnetic memory ?lms used in a “sandwich” struc 
ture on either side of an intermediate nonmagnetic layer 
Which ferromagnetic ?lms may be composite ?lms, but this 
intermediate nonmagnetic layer conducts electrical current 
therethrough based primarily on a quantum electrodynamic 
effect “tunneling” current. 

[0014] This “tunneling” current has a magnitude depen 
dence on the angle betWeen the magnetiZation vectors in 
each of the ferromagnetic layers on either side of the 
intermediate layer due to the transmission barrier provided 
by this intermediate layer depending on the degree of 
matching of the spin polariZations of the electrons tunneling 
therethrough With the spin polariZations of the conduction 
electrons in the ferromagnetic layers Which are set by their 
magnetiZation directions to provide a “magnetic valve 
effect”. Such an effect results in an effective resistance or 
conductance characteriZing this intermediate layer With 
respect to the “tunneling” current therethrough. In addition, 
shape anisotropy is used in such a cell to provide different 
magnetiZation sWitching thresholds in the tWo ferromagnetic 
layers by forming one of the ferromagnetic layers to be 
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thicker than the other. Such devices may be provided on a 
surface of a monolithic integrated circuit to thereby alloW 
providing convenient electrical connections betWeen each 
such memory cell device and the operating circuitry therefor. 

[0015] A “sandwich” structure for such a memory cell, 
based on having an intermediate thin layer of a nonmagnetic, 
dielectric separating material With tWo major surfaces on 
each of Which a anisotropic ferromagnetic thin-?lm is posi 
tioned, exhibits the “magnetic valve effect” if the materials 
for the ferromagnetic thin-?lms and the intermediate layers 
are properly selected and have sufficiently small thicknesses. 
The resulting “magnetic valve effect” can yield a response 
Which can be several times in magnitude greater than that 
due to the “giant magnetoresistive effect” in a similar siZed 
cell structure. 

[0016] As stated above, operating magnetic ?elds imposed 
externally can be used to vary the angle of the magnetiZation 
vector With respect to the easy axis in the ferromagnetic 
?lms of these various kinds of memory cell devices. Such 
operational magnetic ?elds imposed externally can be used 
to vary the angle to such an extent as to cause sWitching of 
the ?lm magnetiZation vector betWeen tWo stable states 
Which occur for the magnetiZation being oriented in opposite 
directions along the ?lm’s easy axis, the state of the cell 
determining the value of the binary bit being stored therein. 
One of the dif?culties in such memories is the need to 
provide memory cells therein that have extremely uniform 
sWitching thresholds and adequate resistance to unavoidable 
interjected magnetic ?eld disturbances in the typical 
memory cell state selection scheme used. This scheme is 
based on selective externally imposed magnetic ?elds pro 
vided by selectively directing electrical currents over or 
through sequences of such cells so that selection of a cell 
occurs through coincident presences of such ?elds at that 
cell. 

[0017] Such a coincident interjected magnetic ?elds 
memory cell state selection scheme is very desirable in that 
an individual sWitch, such as that provided by a transistor, is 
not needed for every memory cell, but the limitations this 
selection mode imposes on the uniformity of sWitching 
thresholds for each memory cell in a memory make the 
production of high yields dif?cult. FIG. 1 is a diagram 
representing such a data storage selection scheme having 
memory cells, represented by rectangle-like structures With 
triangle-like structures on the left and right ends thereof, 
having crossing current conductors, represented by lines 
(including the dashed line portions over the cells in the 
horiZontal lines), forming a grid of such conductors arranged 
to provide tWo conductors crossing in the vicinity of each 
cell (or, in the alternative, the horiZontal conductors may be 
in portions connected together by the cells so that the 
horiZontal dashed lines over the cells are ignored). Thus, the 
crossing conductors for storing data in the cells may be 
parallel sense lines each connecting the cells along it in 
series With one another With the remaining lines perpen 
dicular thereto being Word lines each merely passing near to 
the cells along it or, alternatively, both perpendicular sets of 
lines for Writing may be Word lines each passing near to the 
cells along it (With a further set of sense lines connecting the 
cells in roWs in series With one another not shoWn also being 
provided). The horiZontal conductors n-1, n, n+1 can have 
corresponding ones of electrical currents . . . I I 

. established in them by selective sWitching, and 
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vertical conductors m-1, m, m+1 can have corresponding 
ones of electrical currents . . . Iym_1, Iym) IVrn+1 . . . 

established in them by selective switching. 

[0018] In operation, each cell, When not to be selected for 
a state imposition therein, has no currents in the pair of 
conductors crossing adjacent to them or has current in only 
one of that pair, either of the IX or Iy corresponding currents. 
Aselected cell, on the other hand, coincidently receives both 
of the IX and Iy corresponding currents along the tWo per 
pendicular lines crossing by it in FIG. 1, and is thereby 
sWitched into the desired memory state by the coincident 
magnetic ?elds generated by each of these currents. These 
currents, hoWever, must be selected so that neither of the I 
or IX corresponding currents by itself disturbs the memory 
state of any of the cells along the conductor carrying that 
current because all of the others store currently Wanted data. 
Memory cells along a conductor carrying a current IX or 
memory cells along a conductor carrying a current Iy that are 
not being Written are subjected to such “half-select” cur 
rents, either of the IX or Iy corresponding currents, Which Will 
contribute magnetic ?elds Which increase the chances of 
combining With other unWanted magnetic ?elds that on 
occasion may be present to thereby disturb the states of those 
memory cells, and so the data stored therein. 

[0019] If very large currents are used to insure the Writing 
of the highest sWitching threshold cells, then the half-select 
currents are correspondingly large and tend to increase the 
chances of memory cell state disturbances in the loWest 
sWitching threshold, or most disturbance sensitive, cells. 
Thus, the states of the half-selected memory cells are not 
nearly as stable in storing the bit values therein, and they 
provide the majority of projected cell data storage failures 
over time. In addition to half-select currents, these cells must 
Withstand stray magnetic ?elds from neighboring cells, 
?elds from leakage currents and stray environmental ?elds. 
Hence, there is a need to have the sWitching thresholds of the 
highest sWitching threshold cells not be too different from 
the sWitching thresholds of the loWest sWitching threshold 
cells, and so the resulting requirements for sWitching thresh 
old uniformity and small sWitching current design margins 
tend to make memories implementing the coincident inter 
jected magnetic ?elds memory cell state selection scheme 
dif?cult to manufacture. 

[0020] The various magnetoresistive memory cell types 
mentioned above also use a coincident interjected magnetic 
?elds memory cell state selection scheme selection scheme 
for retrieving stored data. The original MRAM concept cell, 
based on the anisotropic magnetoresistive effect, and the 
pseudo-spin valve concept cell, based on the “giant magne 
toresistive effect”, both use magnetic such selection schemes 
for data retrievals, Which introduce further data disturbance 
opportunities through again generating magnetic ?elds that 
can combine With unWanted magnetic ?elds that appear. 
Magnetic tunnel junction memories often use a diode or 
transistor to select a memory cell for data retrievals, and thus 
do not introduce signi?cant data disturbance conditions for 
such retrievals, but they still have the constraints of coinci 
dent interjected magnetic ?elds memory cell state selection 
scheme for data storage. Thus, there is a desire for a memory 
cell con?guration and corresponding memory cell selection 
arrangement that alloWs providing magnetoresistive based 
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memories that are more easily manufacturable but still 
having the memory cells therein provided With a large areal 
density. 

BRIEF SUMMARY OF THE INVENTION 

[0021] The present invention provides a ferromagnetic 
thin-?lm based digital memory having a plurality of bit 
structures interconnected With manipulation circuitry having 
a plurality of transistors so that each bit structure has a 
selection transistor electrically coupled thereto that selec 
tively substantially prevents current in at least one direction 
along a current path through that bit structure With each bit 
structure having a nonmagnetic intermediate layer With tWo 
major surfaces on opposite sides thereof and a memory ?lm 
of an anisotropic ferromagnetic material on each of the 
intermediate layer major surfaces. An electrically insulative 
intermediate layer is provided on the memory ?lm and 
across said memory ?lm from one of said intermediate layer 
major surfaces, this intermediate layer having a major sur 
face on a side opposite the memory ?lm on Which a 
magnetiZation reference layer is provided having a ?Xed 
magnetiZation direction. The manipulation circuitry includes 
sWitching transistors to permit selecting the direction of 
current ?oW through a bit structure if permitted by the 
corresponding selection transistor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 shoWs a memory cell selection arrangement 
based on providing magnetic ?elds coincidently at the 
selected cell to effect such a selection thereof, 

[0023] FIGS. 2 and 3 shoW memory cell selection circuits 
based on using circuit sWitching to select a memory cell and 
the direction of current permitted therein, 

[0024] FIGS. 4, 5 and 6 shoW memory cell structures 
suited for use in the circuits of FIGS. 3 and 4, 

[0025] FIG. 7 shoWs a coordinate diagram for a represen 
tation of a portion of the memory cell structure of FIG. 6, 

[0026] FIGS. 8A and 8B shoW apartial perspective vieW 
of plural memory cell structures in part of a memory cell, 

[0027] FIGS. 9A and 9B shoW memory cell structures 
suited for use in the circuits of FIGS. 3 and 4, 

[0028] FIG. 10 shoWs a memory cell selection circuit 
based on using circuit sWitching to select a memory cell and 
obtain information therefrom, 

[0029] FIG. 11 shoWs a plot representing the behavior of 
the circuit of FIG. 10, and 

[0030] FIG. 12 shoWs a memory cell selection circuit 
based on using circuit sWitching to select a memory cell and 
store information therein. 

DETAILED DESCRIPTION 

[0031] FIG. 2 depicts a representation of a memory cell 
sWitch based selection scheme for both storing and retriev 
ing data in magnetoresistive memory cells such as in the 
kinds of cells described above. Asuf?ciently large electrical 
current for storing binary data is conducted through selected 
memory cells, 1, in one direction or the other (such as a 
selected plus direction current for a binary “1” value and a 
corresponding negative direction current for a binary “0” 
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value) as provided by a corresponding selected current 
direction selection circuit, 2. Such data storing currents are 
provided through both a selection sWitch provided by a 
transistor and the corresponding series connected memory 
cell 1 (shoWn as an elliptically shaped symbol for a “giant 
magnetoresistive effect” based memory cell) connected in 
series thereWith to set the desired magnetic state in that cell, 
ie to provide storage of a binary bit therein by storing a 
selected one of tWo binary values therein. 

[0032] Current direction selection circuits 2 (only three of 
Which are shoWn as examples as there Will typically be many 
more) each have the drain of a p-channel metal-oxide 
semiconductor ?eld-effect transistor (MOSFET), 2A, and 
the drain of a n-channel MOSFET, 2B, connected together 
and to one end of each of a set of sWitch controlled memory 
cell branch circuits (only tWo of Which sets are shoWn as 
examples With only three cells shoWn in each set, again as 
examples, as there Will typically be many more sets and 
many more cells in a set). These branch circuits have the 
opposite ends of each connected to ground, there being a 
memory cell 1 in series With a selection sWitch, 3, provided 
by a n-channel MOSFET in each such branch circuit. Each 
current direction selection circuit 2 p-channel MOSFET 2A 
has its source connected to a terminal, 4, suited for connec 
tion to a positive supply voltage source, and each n-channel 
MOSFET 2B has its source connected to a terminal, 5, suited 
for connection to a negative supply voltage source, and the 
gates of all current direction selection circuits MOSFET’s 
are connected to control circuitry not shoWn. Alternatively, 
to permit using a voltage supply source With only a single 
polarity, terminal 5 can be connected ground and the ends of 
the branch circuits shoWn connected to ground can instead 
be connected to a ?xed voltage that is a fraction of the 
positive voltage supplied on terminal 4. 

[0033] A smaller current for retrieving such data is alter 
natively passed through a memory cell 1 by the correspond 
ing selected current direction selection circuit 2, that is, 
through both the corresponding selection transistor 3 and the 
corresponding memory cell 1, in one direction to generate a 
voltage across that cell Which Will be of a higher or loWer 
value depending on the binary value of the data stored and 
so upon the corresponding magnetoresistance of the cell. 
This sensed voltage is then compared to a reference to 
determine the stored memory state currently present in that 
cell. 

[0034] In storing data in a selected memory cell 1 in this 
arrangement, the terminating region of sWitching transistor 
3 not connected to that memory cell 1 in series thereWith is 
selectively sWitched to a positive voltage by p-channel 
MOSFET 2A of the current direction selection circuit 2 
connected thereto to provide current therethrough in one 
direction, or alternatively to a negative voltage by the 
corresponding n-channel MOSFET 2B, to provide current in 
an in opposite direction therethrough. Concurrently, an 
appropriate voltage is provided on the gate of that transistor 
3 to alloW a magnetic state setting current therethrough in a 
corresponding direction through that memory cell. Asmaller 
current in just one of the current direction through that 
memory cell 1 is provided to retrieve data stored therein. If 
that cell 1 is not to be selected for storing data therein or 
retrieving data therefrom, the gate of the corresponding 
sWitching transistor 3 is sWitched to ground to prevent 
current conduction therethrough. 
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[0035] Thus, such circuit sWitching provides the selection 
of a memory cell for storing data, and not the coincidence of 
externally imposed magnetic ?elds at that cell as in the 
memory cell state selection scheme of FIG. 1 Which is based 
on the magnetic sWitching properties of the cells in exter 
nally applied magnetic ?elds. No Word lines are provided 
passing near memory cells, and no sense lines are used to 
connect memory cells in series With one another as in FIG. 
1. A large current can be used to store data and a smaller 
current can be used to retrieve data from the cell, thus 
providing potentially very large margins betWeen the storing 
currents and the retrieving currents but still using as small a 
storing current as Will reliably store data in the cell so as to 
reduce the siZe of the transistor needed for selection. 

[0036] An alternative memory cell selection arrangement 
that also requires only a voltage supply source With a single 
polarity is shoWn in FIG. 3. There, current direction selec 
tion circuits, 2‘, are shoWn (only tWo of Which are shoWn as 
examples as there Will typically be many more) connected 
betWeen positive supply voltage source terminal 4 and a 
ground reference terminal, 5‘. Each of current direction 
selection circuits 2‘ again has the drain of p-channel (MOS 
FET) 2A, and the drain of n-channel MOSFET 2B con 
nected together and to one end of each of a set of sWitch 
controlled memory cell branch circuits (only tWo of Which 
are shoWn as examples With only tWo cells shoWn in each 
set, again as examples, as there Will typically be many more 
sets and many more cells in a set). These branch circuits, 
however, have the opposite ends of each connected to the 
connected drains of tWo other MOSFET’s, 2C and 2D, there 
again being a memory cell 1 in series With a corresponding 
selection sWitch 3 provided by a n-channel MOSFET in each 
such branch circuit. Each of current direction selection 
circuits 2‘ has the sources of its p-channel MOSFET’s 2A 
and 2C connected to terminal 4, and each has the sources of 
its n-channel MOSFET’s 2B and 2D connected to terminal 
5‘, and the gates of all current direction selection circuits 
MOSFET’s are again connected to control circuitry not 
shoWn. 

[0037] In storing data in a selected memory cell 1 in this 
arrangement, the terminating region of sWitching transistor 
3 not connected to that memory cell 1 in series thereWith is 
again selectively sWitched to a positive voltage by p-channel 
MOSFET 2A of the current direction selection circuit 2‘ 
connected thereto With the other end of that branch circuit 
sWitched to ground by n-channel MOSFET 2D to provide 
current therethrough in one direction, or alternatively, the 
terminating region of sWitching transistor 3 not connected to 
that memory cell 1 in series thereWith is selectively sWitched 
to ground by n-channel MOSFET 2B With the other end of 
that branch circuit sWitched to terminal 4 by p-channel 
MOSFET 2C, to provide current in an in opposite direction 
therethrough. Concurrently, an appropriate voltage is again 
provided on the gate of that transistor 3 to alloW a magnetic 
state setting current therethrough in a corresponding direc 
tion through that memory cell. A smaller current in just one 
of the current direction through that memory cell 1 is 
provided to retrieve data stored therein. If that cell 1 is not 
to be selected for storing data therein or retrieving data 
therefrom, the gate of the corresponding sWitching transistor 
3 is sWitched to ground to prevent current conduction 
therethrough. 
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[0038] FIG. 4 shows a layer diagram of a portion of a 
monolithic integrated circuit implementation of a magne 
toresistive memory cell 1 Which can be used in the memory 
cell switching circuit based selection schemes of FIGS. 2 
and 3. This layer diagram gives an indication of the struc 
tural layers, but is not a true cross section vieW in that many 
dimensions there are exaggerated or reduced relative to one 
another for purposes of clarity. Aperspective vieW of just the 
cell structure of cell 1 is shoWn in the upper left hand corner 
of the ?gure. 

[0039] Memory cell 1 is shoWn interconnected by inter 
connections, 6, 7 and 8, in and through several metal 
interconnection layers all insulated from one another except 
Where interconnected Which are all formed on a semicon 

ductor material substrate having a MOSFET, 9, to provide a 
suitable type of a knoWn monolithic integrated circuit chip 
structure, 10. Such a chip, in turn, is provided With a 
mechanical-chemical polished layer, 11, thereon so that they 
together serve as a substrate to support a magnetoresistive 
material based memory cell structure. This cell structure 
(shoWn in dashed line form in being set back from the plane 
of the ?gure) has an unpinned ferromagnetic layer, 12, 
formed to include an easy axis across its Width, With a 
conductive metal layer, 13, provided thereon having a fur 
ther ferromagnetic layer, 14, With its magnetiZation direction 
pinned across its Width by an antiferromagnetic layer, 14‘, 
provided on it to form a spin valve structure as memory cell 
1. 

[0040] In storing data in this cell structure by setting the 
magnetiZation direction of unpinned layer 12 in one direc 
tion or the other along its easy axis (i.e. setting its magnetic 
state), a suf?ciently large current is provided through the 
spin valve “sandWich” structure of memory cell 1 from 
interconnection 6 made to a voltage supply arrangement 
having a sWitchable polarity, and leading to the cell struc 
ture. Interconnection 7 leads from the cell structure to a 
terminating region (here the drain) of n-channel MOSFET 9 
provided in monolithic integrated circuit structure 10, Which 
controls the application of current through this cell structure 
by controlling the conductivity of the path to the poWer 
supply return to Which it is connected by interconnection 8 
connected ti its remaining terminal region (here the source). 

[0041] The direction of electrical current through this cell 
structure determines Which memory state is imposed in cell 
1. The magnetiZation in unpinned ferromagnetic layer 12 in 
the cell structure Will tend to align clockWise (right hand 
rule) around the storage current provided through the “sand 
Wich” structure. The magnetiZation of unpinned layer 12 
Will then either be in alignment With or antiparallel to the 
magnetiZation direction of pinned layer 14, to provide either 
a higher or loWer cell structure magnetoresistance and so 
either a 1” it or a “0” binary value. A loWer magnitude 
retrieval current can then be subsequently passed through 
the cell as a sense current, and the voltage across the cell can 
then measured to determine Whether a higher or loWer 
resistance is present in the cell, and so the memory state of 
the cell. This sense current may be arbitrarily loW to detect 
the state of the data stored, but the data retrieval time Will 
increase at loWer currents as the bandWidth of the sense 
ampli?er Will have to be decreased to reduce noise to 
thereby maintain an acceptable signal-to-noise ratio per bit 
(bit energy-to-noise poWer ratio). 
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[0042] HoWever, the memory cell structure of FIG. 4 is a 
relatively “open ?ux” structure as to the ?ux established 
thereabout insofar as this ?ux being contained Within the 
structure Which Would result in cells of this construction 
being limited to some extent in areal density to thereby avoid 
having the ?ux of one intersect and interfere With neighbor 
ing cells to too great an extent. In addition, a large value for 
the storage current is required leading to needing a large area 
selection transistor because the “open ?ux” structure leads to 
large demagnetiZation ?elds in unpinned, or “free”, ferro 
magnetic layer 12 having to be overcome to sWitch the 
magnetiZation direction therein to the opposite magnetic 
state in a data storage operation. In memory cell 1, the shape 
anisotropy, Which is approximately 4J'IZMST/T+W Where MS 
is the ferromagnetic material magnetic saturation value, T is 
the thickness of layer 12, and W is the Width of that layer 
(and the cell). The ferromagnetic layer material anisotropy 
must be added to this shape anisotropy value to obtain the 
total demagnetiZation ?eld to be overcome, and, for a 1.0 pm 
Wide cell, a typical value Would be 75 Oe. Nevertheless, 
such a cell structure can be used in the memory cell sWitch 
based selection schemes of FIGS. 2 and 3 for both storing 
and retrieving data. 

[0043] FIG. 5 shoWs a layer diagram for an alternative 
magnetoresistive memory cell 1 to be used in the memory 
cell sWitching circuit based selection schemes of FIGS. 2 
and 3 having a much more “closed ?ux” structure, at least 
in situations other than those involving storing neW data in 
the cell, this cell being in the form of a ring shaped magnetic 
tunnel junction cell (although a spin valve structure could be 
used instead) having a pair of ferromagnetic (permalloy, 
typically) layers, 12‘ and 14“, on either side of an electrically 
insulating material barrier layer, 13‘, that also has antiferro 
magnetic “pinning” layer 14‘ on “pinned” ferromagnetic 
layer 14“ (to set and maintain its circumferential direction). 
A centrally located hole extends through all of these layers 
Without magnetic material being contained therein. Again, a 
perspective vieW of just the cell structure of cell 1 is shoWn 
in the upper left hand corner of FIG. 5. 

[0044] A uniform current density about this hole through 
the major faces of the ring layers betWeen interconnections 
6 and 7 (having a ring shape also Where provided at 
ferromagnetic layer 12‘ and antiferromagnetic layer 14‘) 
creates a circumferentially directed magnetic ?eld, directed 
either clockWise or counterclockwise depending on the 
direction of the current through the ring layers. Such cir 
cumferential ?elds force the magnetiZations of free ferro 
magnetic layer (layer 12‘) to tend to folloW in the same 
direction as the ?eld around the ring and, if suf?ciently large 
to exceed the cell sWitching threshold, thereby set the cell in 
one of the tWo possible the cell magnetic states much in the 
manner of a discrete magnetic core cell. 

[0045] HoWever, during the sWitching of the circumferen 
tial magnetiZation of this free layer betWeen the tWo alter 
native direction requires that the magnetiZation of the layer 
temporarily approach, attain and then go beyond having a 
radial direction Which leads to the temporary occurrence of 
increasing and then decreasing demagnetiZation ?elds. 
These demagnetiZation ?elds having a maximum value 
proportional to the ratio of the free ring thickness to the sum 
of the free ring thickness and Width Which Will again lead to 
a total demagnetiZation ?eld to be overcome in sWitching 
having a typical value on the order again of 75 Oe. On the 
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other hand, loW values of sense currents can be used in 
retrieving stored information, ie the cell magnetic state, 
because of the relatively high resistance values of tunnel 
junctions. 
[0046] In an alternative method of storing data in the ring 
memory cell 1 of FIG. 5, the tunnel junction can have a loW 
enough resistance-area product and suf?cient thermal resis 
tance to the supporting substrate so that the heating provided 
by the maXimum Write current through the that junction is 
sufficient to permit the cell to reach the Neel temperature of 
antiferromagnet layer 14‘. This antiferromagnetic material in 
that pinning layer can have a magnetic ordering temperature 
(or Neel temperature) Which then can be attained by Joule 
heating through using a suf?ciently high storage current. The 
heat generated by such a storage current Would heat this 
layer past this temperature to cause the magnetiZation of the 
layer to become randomly oriented so that adjacent ferro 
magnetic layer 14“, the “pinned” magnetiZation layer, 
becomes unpinned, and the direction of the magnetiZation in 
this adjacent layer can be set into either of tWo alternative 
circumferential directions, depending on the direction of the 
storage current, as that current, and so the heating and layer 
temperature is thereafter decreased. As this storage current 
is subsequently reduced in magnitude, the temperature of the 
antiferromagnetic pinning layer drops beloW its Neel tem 
perature (With the magnetic ?eld generated by this reduced 
storage current still occurring though reduced), and so that 
layer 14“ neXt to antiferromagnetic layer 14‘ is re-pinned to 
the desired magnetic state Which Will remain quite stable 
until another storage current pulse is applied. The resulting 
magnetiZations in either circumferential direction Will be 
essentially con?ned to the ferromagnetic ring to thus form a 
“closed” ?uX structure and so cause no stray magnetic ?elds 
in the space outside the ring. 

[0047] The resistance state of the disk shaped cell repre 
senting the stored information depends on the direction of 
the magnetiZation of free layer 12‘ With respect to that of 
pinned layer 14“, and may be sensed by using relatively 
small sense currents (small enough to keep the cell tem 
perature under the Neel temperature of antiferromagnet 
layer 14‘). This sense current is applied successively in 
opposite directions, and chosen to be of suf?cient magnitude 
to sWitch the free layer to either of the tWo possible 
circumferential magnetiZation direction states, Which Would 
result in either relatively high or loW cell resistances. In this 
manner these sense currents Would set voltages across the 
cell Which could be used to determine the resistance, and 
hence the memory state stored in the cell. 

[0048] In FIG. 5, a ring structure is shoWn for this 
alternative data storage arrangement in Which the tunnel 
junction must have a loW enough resistance-area product 
and suf?cient thermal resistance to the substrate on Which it 
is provided to result in heating at the maXimum storage 
current through the junction that is suf?cient for the cell to 
reach the Neel temperature of the antiferromagnet. Asimpler 
version of this cell Would be to use a stiffer (higher magnetic 
?eld needed for sWitching) magnetic material to form a layer 
substituting for both pinned layer 14“ and pinning layer 14‘, 
and a softer layer for unpinned, or free, layer 12‘, the softer 
layer once again being used to determine the state of the cell. 
Another variation for this kind of cell is to use a conducting 
post through the hole at the center of the ring (but insulated 
from the surrounding ring layers) for carrying the storage 
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current and generating the needed heat, and a separate 
contact to the tunneling barrier ring for carrying the sensing 
current to read the stored information. This last described 
device has to have three contacts making fabrication more 
dif?cult. HoWever, the device Would have a high signal from 
the magnetic tunnel junction formed by the ring and poten 
tially Would require a loW current for storing data. 

[0049] A memory cell 1 Well suited for the memory cell 
sWitch based selection schemes of FIGS. 2 and 3 uses a 
barrier junction to produce a large sense signal for high 
speed data access With a relatively small sense current and 
substitutes a “giant magnetoresistive effect” device “sand 
Wich” structure for a single free ferromagnetic layer to 
reduce demagnetiZation ?elds, and so data storage currents, 
is shoWn in the layer diagram of FIG. 6. The substantially 
reduced storage currents needed means that this memory cell 
can be reduced in siZe to have Widths much smaller than 1.0 
pm Without requiring incompatibly large current carrying 
conductors and selection transistors to be used thereWith. 
Here, too, a perspective vieW of just the cell structure of cell 
1 is shoWn in the upper left hand corner of the ?gure, and the 
layer diagram gives an indication of the structural layers, but 
is not a true cross section vieW in that many dimensions 
there are exaggerated or reduced relative to one another for 
purposes of clarity as in FIGS. 4 and 5. 

[0050] Such a magnetoresistive memory cell device in its 
basic form has for its bottom three layers tWo ferromagnetic 
thin-?lms (typically permalloy layers) With a nonmagnetic 
layer betWeen them in a ?rst “sandwich” construction. The 
tWo thin-?lm layer edges parallel to the major eXtent, or 
length, of the device, and the direction of storage current 
?oW current ?oW, are perpendicular to the easy aXes of those 
layers and Would preferably be magnetically hard in order to 
avoid trapped domain Walls after the cell has a series of 
magnetic states set therein to represent stored data as a result 
of arbitrary stored data sequences. Completing this device, 
the upper ferromagnetic layer of these just described bottom 
three layers serves also as part of a pinned layer magnetic 
tunnel junction second “sandWich” structure (or spin depen 
dent tunnel structure) through having a barrier layer thereon 
Which in turn supports a cobalt iron (CoFe) ferromagnetic 
layer having its magnetiZation direction pinned by an anti 
ferromagnetic layer in turn on it. 

[0051] The cell has data, or a magnetic state, stored therein 
by passing a relatively high current through the loWer three 
layer ?rst sandWich structure, Which provides a magnetic 
?eld in opposite directions in the tWo ferromagnetic layers 
of that structure. The direction of the current is used to store 
either a magnetic state therein representing a binary “1” or 
an alternative magnetic state representing a binary “0”. The 
tWo magnetic states are determined by either the upper one 
of the loWer tWo ferromagnetic layers in the ?rst sandWich 
structure being magnetiZed along the device Width (and easy 
aXis thereof) toWard one of the device long sides With the 
bottom one of these tWo ferromagnetic layers being mag 
netiZed to the opposite side for one state, or vice versa for 
the alternative second magnetic state. Retrieving the stored 
data, ie determining Which magnetic state the device is in, 
is accomplished by establishing a tunneling current through 
the barrier junction provided betWeen the pinned cobalt iron 
layer in the second “sandWich” structure and the upper 
ferromagnetic layer in the ?rst “sandwich” structure that is 
also in the second “sandWich” structure. 
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[0052] The pinned cobalt iron layer in the second “sand 
Wich” structure is connected to a ?rst transistor to at least in 
part control the tunneling current used for data retrieval, and 
a second transistor is connected to the nonmagnetic layer in 
the ?rst sandWich structure to control the storage current to 
form the basic memory cell in addition to controlling in part 
the tunneling current in some retrieval schemes. This device 
can be selected for having a storage current established 
therein in an array of cells provided in a manner in either of 
FIGS. 2 or 3 With this second transistor being the selection 
transistor. Retrieving data stored in the device by determin 
ing its magnetic state requires that the resulting voltage 
occurring across the barrier junction folloWing the estab 
lishment of a ?xed tunneling current through the ?rst 
transistor (both transistors in some schemes) be compared to 
a reference to determine the state of the magnetiZations of 
the tWo ferromagnetic layers on either side of the nonmag 
netic layer in the ?rst “sandWich” structure. One desirable 
reference Would be based on providing a threshold voltage 
half-Way betWeen a device output voltage representing a 
binary “0” and a device output voltage representing a binary 
“1” so that the difference betWeen the output signal and the 
reference is either a plus or negative voltage, and so permit 
a simple comparator to be used to detect the memory cell 
magnetic state. 

[0053] The tunneling barrier in FIG. 6 can be aluminum 
oxide. Although aluminum or copper can be used as the 
material for the nonmagnetic layer in the ?rst “sandWich” 
structure, a poorer conductor can be used instead, or even an 
insulator could be used to have the ?rst “sandWich” structure 
also be a spin dependent tunneling structure. Better conduc 
tors for the nonmagnetic layer give stronger effective ?elds 
that are applied to the ferromagnetic layers in the ?rst 
“sandWich” structure. A coupling ?eld could occur betWeen 
the pinned cobalt iron layer in the second “sandWich” 
structure and the upper ferromagnetic layer of the ?rst 
“sandWich” structure (and the second “sandWich” structure), 
and so surface roughness at the interfaces betWeen layers 
should be minimiZed to reduce the possibility or magnitude 
of any such coupling. 

[0054] In addition, While a single pinned cobalt iron layer 
has been described, that arrangement Would result in the 
stray ?elds of an “open ?ux” structure Which could prevent 
operation at small device geometries needed to achieve a 
high areal density array. Apinned synthetic antiferromagnet 
formed of layers of an antiferromagnetic layer provided on 
a three layer arrangement having tWo layers of cobalt iron 
separated by a layer of ruthenium instead of the single cobalt 
iron layer, in Which the tWo cobalt iron layers are of 
approximately equal thicknesses and are strongly antiparal 
lel-coupled Would eliminate any such stray ?eld problem. 

[0055] The spin dependent tunneling-giant magnetoresis 
tive effect memory cell device, or integrated GMR tunneling 
device memory cell, actually shoWn in FIG. 6 has the 
controlled current paths immediately connected thereto also 
shoWn. This memory cell structure is provided on a semi 
conductor material monolithic integrated circuit chip serv 
ing as a substrate therefor and having electronic circuit 
component devices provided in the semiconductor material 
thereof as the substrate for the remaining portions of the 
integrated circuit itself. Those remaining portions of the 
monolithic integrated circuit are a series of four electrical 
insulating layers, 10‘, 10“, 10‘", 10W, each typically formed 
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of silicon dioxide, provided on the indicated semiconductor 
material, 10". Each of the loWer three of these electrical 
insulating layers have a metal circuit interconnection pattern 
supported thereon for electrically interconnecting selected 
ones of the circuit component devices therebeloW in semi 
conductor material 10V and the integrated “sandwiches” 
tunneling devices provided thereabove. 

[0056] FolloWing chemical and mechanical polishing of 
the surface of last or uppermost electrical insulating layer 
10W, and the opening of vias therein to provide metal 
interconnections to the interconnection layer therebeloW, a 
further electrical insulating layer, 11, is formed on the 
resulting surface by sputter deposition and silicon nitride to 
a thickness of typically 1000 The surface of layer 11 is 
then also chemically and mechanically polished to provide 
a resulting surface on Which the integrated “sandWich” 
tunneling device is to be provided. 

[0057] This integrated “sandWich” tunneling device is 
next provided by a series of layer depositions With portions 
of these deposited layers being later removed by ion milling 
to leave the desired device portions remaining on the upper 
surface of layer 11. The remaining portions Will be desig 
nated With the same numerical designation as are used in 
describing the deposition layers from Which each is formed 
and shoWn in dashed line form in FIG. 6 because of being 
positioned rearWard from the plane of the ?gure. Thus, ?rst 
ferromagnetic thin-?lm layer 12 is deposited of an alloy 
comprising 65% nickel, 15% iron and 20% cobalt deposited 
to a thickness of 40 This layer is deposited in an easy axis 
orienting magnetic ?eld directed from front to back, or back 
to front, in FIG. 6 across the Width of the ?nally formed 
devices to induce the easy axis in 

[0058] Thereafter, electrically conductive, but nonmag 
netic, thin-?lm substitute “sandwich” intermediate layer 13 

of Ruthenium (Ru) is deposited to a thickness of 50 Ruthenium is chosen for this substitute “sandWich” inter 

mediate layer to yield a smoother resulting exposed surface 
after its deposition, but copper or tantalum could alterna 
tively be used. 

[0059] This intermediate layer is folloWed by providing 
further ferromagnetic thin-?lm layer 14 again an alloy of 
65% nickel, 15% iron and 20% cobalt deposited to a 
thickness of 40 Layer 14 is again deposited in an easy 
axis orienting magnetic ?eld to induce the easy axis in this 
layer to also lie perpendicular to the plane of the ?gure. 
Layers 12, 13 and 14 together form the basis for a “sand 
Wich” structure, Which may be a giant magnetoresistive 
effect device, having tWo ferromagnetic thin-?lm layers 
therein, and layer 14 Will also be directly part of the spin 
dependent tunneling device next to be next completed 
through providing the remainder thereof as described beloW. 

[0060] Next, a spin dependent tunneling, or SDT, inter 
mediate layer, or barrier layer, 15, is provided by sputter 
deposition onto layer 14, this barrier layer being a dielectric 
and represented as a dashed, bold solid line in FIG. 6. Layer 
15 is provided typically by sputter depositing 12 A of 
aluminum onto layer 14, and continuing to provide tWo 
further angstroms of this material using the aluminum 
sputtering target but also introducing oxygen into the sput 
tering chamber. The result is to convert the already deposited 
aluminum layer substantially into aluminum oxide Which 
expands its thickness by a factor of about 1.3, and to add 
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another two angstroms of aluminum oxide thereoto giving a 
barrier layer thickness of approximately 17.5 A with this 
layer being formed primarily of aluminum oxide. 

[0061] The provision of barrier layer 15 is followed by 
providing a compound ferromagnetic thin-?lm and conduc 
tive thin-?lm layer combination together on layer 15 as a 
pinned synthetic antiferromagnet. This compound thin-?lm 
layer is provided to have a net layer magnetiZation that, 
when ?xed in a selected spatial orientation in the ?nally 
formed structure, will resist magnetiZation rotation, and 
certainly resist ?rmly any magnetiZation rotation therein that 
could be sufficient to lead to a reversal in its orientation as 
a result of expected externally applied magnetic ?elds. Thus, 
for the ?nally formed cell structures intended to be used in 
limited magnetic ?elds, the magnetiZation of this compound 
thin-?lm layer will appear ?xed in its orientation in the 
device, i.e. “pinned” in a direction relative to the ?nally 
formed cell structure which will again be perpendicular to 
the plane of FIG. 6. 

[0062] This compound thin-layer ?lm is formed by ?rst 
sputter depositing a ferromagnetic thin-?lm layer, 16. Layer 
16 is of cobalt iron comprising 95% cobalt and 5% iron to 
a thickness of 50 A which layer is deposited in the presence 
of an easy axis direction determination magnetic ?eld that is 
aligned with the easy axis direction of the ferromagnetic 
layers 12 and 14 therebelow. Then a nonmagnetic layer, 17, 
of Ruthenium is sputter deposited to provide a Ru antifer 
romagnetic coupling layer of 9 A thickness shown as a dark 
dashed line in FIG. 6. Thereafter, another ferromagnetic 
layer, 18, of cobalt iron comprising 95% cobalt and 5% iron 
is deposited to a thickness of 50 A, and deposited again in 
the presence of an easy axis direction determination mag 
netic ?eld aligned as was the ?eld for layer 16. The resulting 
compound layer of layers 16, 17, 18 has materials with high 
spin polariZation in its outer layers due to the use of high 
magnetic induction cobalt iron therein, but has little total 
magnetic moment because of the Ru layer provided ther 
ebetween which strongly antiferromagnetically couples 
these outer layer through primarily exchange coupling so 
that the magnetiZations of each are pointed in opposite 
directions. Thus, this layer is relatively insensitive to exter 
nally applied magnetic ?elds and contributes little to the 
spatial magnetic ?elds thereabout. However, the magneti 
Zation direction in this composite layer by itself is not very 
strongly ?xed in any direction because of the relatively weak 
anisotropy exhibited by the CoFe layers. 

[0063] Thus, a further antiferromagnetic material “pin 
ning” layer exhibiting a substantial magnetic anisotropy 
must be deposited on layer 18 to strongly set the magneti 
Zation direction of compound layer 16, 17, 18 in the direc 
tion of the easy axis in layers 12 and 14. Such a layer has a 
strongly ?xed magnetiZation direction which, through 
exchange coupling to layer 18, strongly ?xes the direction of 
magnetiZation of that layer also, and so that of layer 16 
through Ru layer 17. The result is an antiferromagnetic layer 
coupled strongly to compound layer 16, 17, 18 which also 
provides a high magnetic inductance material layer, layer 16, 
with a corresponding substantial spin polariZation against 
barrier layer 15. Hence, a CrPtMn pinning layer, 19, of 45% 
chromium, 10% platinum and 45% manganese is sputter 
deposited on layer 18 to a thickness of 300 A in the presence 
of a magnetiZation axis determination magnetic ?eld aligned 
with the ?eld used in forming cobalt iron layers 16 and 18. 
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[0064] Upon completion of this antiferromagnetic magne 
tiZation pinning arrangement shown in FIG. 6 using these 
magnetiZation direction determination layers, a 1000 A layer 
of aluminum is sputter deposited on pinning layer 19. The 
resulting layer, 20, after ?nal formation thereof protects 
what is below, and allows electrical connections thereto for 
circuit purposes. 

[0065] Next in this fabrication process, a further layer is 
deposited on layer 20 to provide an etching termination 
layer, or stop, for subsequent etching steps. A milling mask 
layer is then sputter deposited on the etch stop layer to there 
be prepared for use as a milling mask by being suitably 
patterned using standard techniques. This last masking pat 
tern is to result, after milling therethrough to remove the 
exposed ferromagnetic, antiferromagnetic and nonmagnetic 
layers therebelow, in providing the pinned electrode struc 
tures in the memory cell spin dependent tunneling structures 
which are formed in a “sandwich” construction with barrier 
layer 15 and ferromagnetic thin-?lm layer 14. This subse 
quent ion milling step removes the exposed portions of 
aluminum layer 20, the next exposed portions of pinning 
layer 19, and then the next exposed portions of the com 
pound layer 16, 17 and 18 down to barrier layer 15 to 
thereby form the structures of such pinned electrodes in each 
memory cell. 

[0066] A second material removal step is then performed 
to form the barrier and substitute “sandwich” device for each 
memory cell. Following standard patterning arrangements, 
ion milling is used to form the substitute “sandwich” struc 
ture devices for the memory cells with the corresponding 
barrier layer thereover in the form of central rectangular 
solids with a pair of triangular solids ends on either side 
thereof along the lengths as shown in FIG. 6. The pinned 
electrodes formed above are each positioned on and over 
just the corresponding central rectangular solid in each 
memory cell as shown in FIG. 6. A milling mask layer is 
deposited and patterned in such a way as to form a pattern 
for an etching mask which is to be formed following that 
pattern by leaving the desired masking portions of that layer. 
The unwanted portions of the masking layer are removed 
down to barrier layer 15 serving as an etch stop. 

[0067] This last masking pattern is to result, after milling 
therethrough to remove the exposed barrier layer, ferromag 
netic layers and substitute “sandwich” intermediate layer, in 
providing a substantial number of substitute “sandwich” 
device structures to serve as portions of the corresponding 
memory cells with each such substitute “sandwich” device 
being in a “sandwich” construction having ferromagnetic 
layers 12 and 14 on either side of substitute “sandwich” 
intermediate layer 13, and with barrier layer 15 and the 
corresponding pinned electrode thereon. The remaining por 
tions of the masking layer serve as the above mentioned 
milling mask for the subsequent ion milling step which 
removes the exposed portions of barrier layer 15, and 
thereafter, also the next exposed portions of ferromagnetic 
thin-?lm layer 14, and the then exposed portions of con 
ductive substitute “sandwich” intermediate layer 13, and 
?nally the then exposed portions of ferromagnetic thin-?lm 
layer 12 down to insulating layer 11 to thereby form the 
structure of the substitute “sandwich” device and complete 
the structure of the memory cell, 21, as shown in FIG. 6. 

[0068] Following the completion of memory cell struc 
tures 21, openings are made using standard steps through 
















